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A description is given of the external aero-inducted fluctuating pressure model which 
was fit and anchored to wind tunnel data from the past 40 years. This model is based upon 
the assumption that the flow around a vehicle can be divided into discrete flow zones with 
independent fluctuating pressure properties. The model is then used to derive fluctuating 
pressure environments during ascent for the Ares I-X test vehicle. A sensitivity study of the 
structural response to the spatial correlation of the fluctuating pressures is also performed. 
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Nomenclature 

Parameter used to scale the autospectrum 

Spatial correlation decay coefficient in the direction of the flow 

Spatial correlation decay coefficient perpendicular to the flow 
Function of Mach number 

One-third-octave-band spectra of fluctuating pressures 

Frequency, Hz 

Band center frequency, Hz 

Autospectrum 

Constant derived from empirical data 
Wavenumber in the direction of the flow 

Wavenumber perpendicular to the flow 
Mach number 

Reference pressure for conversion to decibels. 20 microPascals. 
Mean pressure 
Dynamic pressure 

Real part of the cross-spectrum (the co-spectrum) 

Reynold’s number based on distance from the nose of the vehicle 

Free- stream velocity 

Convection velocity 

Distance from the nose of the vehicle 

Distance from the leading edge (VA-One parameter) 

RMS pressure normalized by dynamic pressure 
One-third-octave bandwidth, A f = 0.2316 f c 

Boundary layer thickness 

Boundary layer displacement thickness 

Cross-spectrum of the fluctuating pressure 
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V = Kinematic viscosity 

% = Distance in the direction of the flow 

Tj = Distance perpendicular to the flow 

Q = Strouhal number 

CO = Frequency, rad/sec 

G = Ratio of convection and free- stream velocities 


I. Introduction 

N ASA is responsible for the design and integration of the ARES I-X flight test vehicle for the Constellation 
program, which will provide safer, more reliable space transportation capability for crew transport in the quest 
for human space exploration. The Ares I-X flight test vehicle’s first flight will be a suborbital test of the booster and 
will test the effect of the maximum dynamic pressure being exerted on the vehicle. 

Interest in the external fluctuating pressure (or aeroacoustic) environments on launch vehicles began around 
1961, when a series of launch vehicle failures occurred during the transonic part of the ascent trajectory 1 . The 
turbulent flow around a launch vehicle is difficult to predict analytically, and therefore the majority of previous 
work 2 * * " 5 to characterize these environments has relied on empirical data measured during wind tunnel testing and 
flights. 

This article covers the development of an external aero-induced fluctuating pressure model which was fit to 
generic and Saturn/ Apollo configuration wind tunnel data, and also anchored to Atlas and Titan flight data. This 
model was then used to predict the aeroacoustic environment for the Ares I-X vehicle during ascent. A sensitivity 
study of the structural response to the spatial correlation of the fluctuating pressures is also performed 


II. Flow Regimes for Ares I-X 

The air flow around any vehicle traveling through the atmosphere can be divided into separate flow regimes. 
These flow regimes are dependent upon the geometry of the vehicle as well as the flight conditions. This section 
describes the Ares I-X as well as the flow regimes that occur around the vehicle. 

A. Description of Ares I-X 

The Ares I-X test vehicle consists of a Crew Launch Vehicle (CLV) with an active first stage and a Crew 
Exploration Vehicle (CEV) simulator integrated into a single vehicle for launch. The CEV is comprised of the 
Launch Abort System (LAS), the Crew Module (CM), the Service Module (SM), and the Spacecraft Adapter (SA). 
The three major structural sub-assemblies are the First Stage (FS), the Upper Stage Simulator (USS) element, and 
the CEV Simulator. A stack view is shown in Figure 1. 
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Figure 1. Ares I-X Vehicle 


B. Attached Turbulent Boundary Layer 

The fluctuating pressures caused by an attached turbulent boundary layer (TBL) are substantially lower than 
those associated with separated flow. As a result, attached flow regimes are not likely to affect the vehicle design 
significantly. These types of flow typically occur in regions that exhibit relatively smooth surfaces that are 
sufficiently far from any changes in vehicle geometry such as comers, changes in vehicle diameter, and 
protuberances. Figure 2 shows the attached turbulent boundary regions for Ares I-X. Attached TBL regimes occur 
on the LAS Tower and over the majority of the US S and FS. 



Figure 2. Attached TBL Regions for Ares I-X 


C. Compression Corners 

Flow at a compression comer, such as the junction between a cylinder and a conical frustum, causes separation 
of the boundary layer. Shockwaves form at the flow separation and reattachment points during supersonic flight 
(see Figure 3). During transonic flight, shockwaves may not form but there will still be high fluctuating pressures at 
the flow reattachment point. Figure 4 shows that the peak RMS pressure occurs at the flow separation and 
reattachment locations, with a “plateau” region of lower fluctuating pressures existing between these two locations. 
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Examination of data from Apollo/Satum wind tunnel tests 7,8 shows that the RMS pressures can increase 
significantly at a compression comer which is downstream of a protuberance. For Ares I-X, this occurs at the Crew 
Module, which is downstream of the protmding Launch Abort System abort motor nozzles (see Figure 5). 
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Launch Abort System 



CM 

(Compression Corner) 


Figure 5. Compression corner occurs at CM. Fluctuating pressures are increased significantly by upstream 

protruding LAS Abort Motor Nozzles 


D. Expansion Corners 

Expansion corners occur at the shoulder of a cone-cylinder junction or at boattails. Flow over an expansion 
comer accelerates, forms an expansion fan, and can be supersonic even under nominally transonic conditions. The 
flow then must quickly decelerate to the free-stream velocity of the fluid. This deceleration can result in an 
attachment shock, which causes very high fluctuating pressures at the point of attachment. Fluctuating pressures 
near an expansion corner are typically highest in the transonic Mach range (0.7<M<1.0) since the flow is fast 
enough to achieve supersonic speeds around the comer while still needing to undergo significant deceleration. 
Fluctuating pressures at higher and lower Mach numbers tend to be lower because less deceleration is required and 
because the flow may never achieve supersonic speeds around the comer at the lower Mach numbers. 

The fluctuating pressures at an expansion comer are characterized by a region of high fluctuating pressures 
occurring within one vehicle diameter downstream of the comer, followed by a region of lower fluctuating pressures 
which occur over one more vehicle diameter downstream of the corner. These are known as the “peak” and 
“plateau” regions of the expansion corner, respectively and are illustrated in Figure 6 for Ares I-X. The area over 
which these regimes occur is approximate, and varies with vehicle geometry and flight conditions. Wind tunnel 
tests and computational fluid dynamic (CFD) analyses are required to define the region more accurately. 



Figure 6. Expansion corner regimes for Ares I-X. Peak pressures occur within one vehicle diameter of the 
corner, and plateau pressures occur within one additional vehicle diameter. 

7. Change in Flow Behavior at the Frustum 

CFD analysis performed by Craig L. Streett (NASA Langley Research Center) shows that a significant change in 
flow behavior occurs from Mach 0.95 to Mach 1.05. Figure 7 shows that at Mach 0.95, the flow separates at the 
forward end of the Fmstum and causes a strong transonic shock. However, at Mach 1.05, the flow stays attached to 
the comer at the forward end of the Fmstum. As a result, the authors have made the assumption that the flow at the 
Fmstum changes as shown in Figure 8. 
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(a) Flow separates and strong transonic shock 
occurs at Mach 0.95 


Attached TBL 

I 



(b) Flow remains attached at Mach 1.05 


Figure 7. CFD analysis shows a significant change in flow behavior at the Frustum from Mach 0.95 to 1.05. 
Contours in fluid shows Mach number, contours on surface show static pressure. 



Expansion Expansion 

Peak Plateau 







Attached Compression 
TBL Corner 


(a) Assumed flow regime below Mach 1.0 (b) Assumed flow regimes above Mach 1.0 

Figure 8. Change in assumed flow regimes as a result of change in flow behavior at the Frustum 


E. Protuberances 

There are over twenty protuberances on Ares I-X that require the local fluctuating pressure environment to be 
defined. These protuberances are distributed over the entire length of the vehicle (Figure 9) and have significantly 
different geometries. It is not possible to compute the fluctuating pressure level (FPL) for each of these 
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protuberances without a detailed Ares I-X wind tunnel test, and therefore the protuberance FPL model used here was 
derived from wind tunnel data published in the literature. As a result, the protuberance FPL model is necessarily 
rather coarse and does not account for all of the geometric details for each protuberance. 



Figure 9. Protuberances for Ares I-X. Protuberances of note include the LAS Abort Nozzles (PI) and the 

Roll Control System (Pll). 


General characteristics of the fluctuating pressure fields near two-dimensional steps and three-dimensional 
protuberance have been discussed by Speaker and Ailman 9 and Robertson 2 , respectively. Their proposed flow 
conditions and measured pressure distributions are shown in Figure 10 and Figure 11. These figures show that the 
FPL varies in the vicinity of the protuberance, but the protuberance model is designed to capture only the peak 
fluctuating pressure. 



Figure 10. Flow and FPL for a two-dimensional step 9 
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Figure 11. Flow and FPL for three-dimensional protuberance 2 


The height of the protuberance has been identified as a critical factor. George 11 found that the height of the 
protuberance must be at least half the boundary layer thickness in order for the flow to separate. Once the flow 
separates, an oblique shock wave is generated which causes significantly higher FPL. 

The boundary layer thickness for Ares I-X was calculated using Equation 1 for Ares I-X at Mach 0.9 (transonic) 
and Mach 1.9 (maximum dynamic pressure). This equation assumes that the boundary layer grows steadily over the 
length of the vehicle, regardless of any flow separation. 

0.037 l(l 0.286 + 0.693M 2 )c 

^ 2 (l + 0.13M 2 ) 0 ' 64 (1) 

where the Reynold’s number is based on the distance from the nose of the vehicle. 
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Figure 12 shows that the majority of protuberances have a height that is larger than half the boundary layer 
thickness (BLT). This indicates that the protuberance model should be reasonably accurate for the majority of the 
protuberances on Ares I-X. There are several protuberances on the First Stage with insufficient height but it was 
determined that the model would be used to derive FPL environments for these protuberances with the 
understanding that the results would likely be conservative. 
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— 0.5 x BLT (T ransonic) 
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Figure 12. The majority of protuberances on Ares I-X are taller than half the boundary layer thickness. 
CM/SM junction occurs at 588 inches, 2 nd Stage/Frustum junction occurs at 1800 inches, Frustum/l st Stage 

junction occurs at 2000 inches 


The fluctuating pressure level has also been found to depend on the slope of the protuberance relative to the 
flow. A sharp fin inclined at an angle to the flow generates relatively weak fluctuating pressures compared to a 
blunt fin, which generates much higher fluctuating pressures 12,13 . Reducing the angle of a conical protuberance from 
17 degrees to 10 degrees reduced the FPL by about 6 dB 14 . A cylinder normal to the boundary layer represents a 
particularly severe condition 2 . As a result, the angle of the protuberance relative to the boundary layer is taken into 
account for the protuberance FPL model. This angle only has an effect on predictions for supersonic flow, as there 
is insufficient wind tunnel data for protuberances of differing angles in transonic flow. 


III. Aeroacoustics Fluctuating Pressures Model 

The model for fluctuating pressures is based upon wind tunnel data collected and published over the past 40 
years and envelopes the majority of the measured fluctuating pressures in each flow regime. As a result it is 
purposefully conservative. This is partially to account for the fact that the model does not account for flow changes 
due to non-zero angle of attack of Ares I-X. It is assumed that the flow around the vehicle can be sub-divided into 
discrete aerodynamic flow regions, with each region having independent flow behavior. The resulting fluctuating 
pressure in each zone is defined by its own root-mean square (RMS) pressure, autospectrum, and cross-spectrum. 

1. RMS Pressure 

The root-mean- square (RMS) pressure is proportional to the dynamic pressure, Q , and typically has the form: 
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Where K is a constant determined from empirical data and F is a function of Mach*. AC P is referred to as the 
fluctuating pressure coefficient. 


2. Autospectrum 

It was assumed that the autospectrum has the same form for all of the flow regimes, shown in Equation 4. 


( )= 4 C+F 1433 2 


Q = 


245 '■ 
U 


(4) 


(5) 


The autospectrum given by Equation 4 is a smoothly varying function of frequency and can be converted into 
one-third-octave-band fluctuating pressure levels using Equation 6. 


FPU /,)- lOlog 


G(f,W 


dB 


( 6 ) 


V " ref J 


Examples of one-third-octave-band spectra calculated using Equation 6 is plotted in Figure 13, which shows that 
the spectrum slope is +10 dB/decade at low frequencies and -10 dB/decade at high frequencies. The parameter C is 
used to adjust the frequency at which the spectrum levels are a maximum. Higher values of C result in a greater 
amount of low-frequency content^ In general, flow regimes which are influenced by shocks exhibit higher levels in 
the low frequency bands. Therefore, C is larger for peak pressures, and smaller for attached flow. 

The spectrum also shifts to lower frequencies as the boundary layer displacement thickness increases. The result 
is that the aeroacoustic environments at the aft end of the vehicle typically have slightly more low-frequency content 
compared to the forward end. However, the presence of shocks has a greater influence on the spectrum than the 
boundary layer displacement thickness. 


* ITAR restrictions prevent the authors from explicitly stating the values of K and F. 
§ ITAR restrictions prevent the authors from explicitly stating the values of C. 
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Figure 13. Peak and plateau spectrum at a compression corner. Higher values of fluctuating pressure shift 

the spectrum lower in frequency. 


3. Cross-spectrum 

Prediction of the pressure cross-spectrum is particularly difficult since the results in the literature are often 
inconsistent and since the spatial distribution of the pressure varies rapidly, particularly in regions of separated flow. 
This is unfortunate because the predicted structural responses are very sensitive to the cross-spectral values. 

Corcos 15 suggested the following general form for the cross-spectrum, where all parameters can be frequency- 
dependent. 


r (ffl, £ //) = G{co)A{a)B(py ik ^ (7) 

Corcos further suggested that the cross-spectrum is separable in the longitudinal (in flow) and tangential (cross- 
flow) directions. The longitudinal and tangential portions are expressed in Equation 8 and Equation 9, respectively. 

r (a>, &0) = G(co)A(ay ik(i (8) 

T(coAv)=G{(o)B{p) (9) 

The function of primary interest is the co-spectrum, which is the real part of the cross-spectrum. This reduces 
Equation 8 and 9 to: 


R(a,4,ri)= G(co)A(a)B(p)cos{k^) (10) 

Measurements by several investigators 16 show that the co-spectrum of a turbulent boundary layer pressure 
fluctuation in the direction of the flow can be approximated by an exponentially damped cosine function, and the co- 
spectrum across the flow can be approximated by a decaying exponential function. Combining this observation with 
Equations 10 yields Equation 11, which is illustrated in Figure 14. 

R(to,4,jj) = G(co)e- aM e- pM cos{ky) (11) 
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The wavenumber, k ^ , is the angular frequency co divided by the convection velocity**, U c , and is a critical 

parameter for determining the structural response to turbulent boundary excitation. Unfortunately, there is a 
considerable discrepancy among the different estimates for the convection velocity, which is often a function of 
frequency 17 . This is illustrated in Figure 15, which compares the convection velocities as a function of frequency as 
reported by different researchers. The Bies 10 and Lowson 16 models refer to attached boundary layers whereas 
Cockbum and Robertson 5 (C&R) refer to separated flow. 



Frequency (Hz) 


0.001 


0.01 


0.1 


1.0 


Strouhal Number 


Figure 15. Convection velocity vs. frequency for a typical launch vehicle application 1 


The convection velocity is the velocity at which the fluctuating pressure field propagates beneath a turbulent 
boundary layer. It is usually expressed as a fraction of the free-stream velocity. 
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IV. Fluctuating Pressure Results for Ares I-X 


This section presents selected fluctuating pressure predictions for Ares I-X. They include RMS pressures for the 
ascent trajectory as well as FPL spectra at selected locations of interest. Complete results are not given for sake of 
brevity. 

Figure 16 shows the RMS pressure levels at several regions of interest (illustrated in Figure 17) on Ares I-X 
during the ascent trajectory. Areas in a compression regime such as the CM have the highest RMS pressures of 
overall fluctuating pressure levels (OAFPL) during the maximum dynamic pressure (MaxQ) phase of ascent, 
whereas areas in an expansion regime such as the SM have the highest OAFPL during transonic. The OAFPL for 
the Forward and Aft Frustum show a discontinuity near Mach 1.0 because this is the Mach number at which the flow 
is assumed to change from a separated to an attached boundary layer (see Figure 7). Attached TBL pressures are 
significantly lower than other flow regimes. 



Mach 


CM (Comp. Pk w/ Upstream Prot) SM (Exp. Pk) 

Upper Stage (TBL) Fwd Frustum (Exp. Pk / TBL) 

Aft Frustum (Exp. Plateau / Comp. Pk) 


Figure 16. OAFPL at different regions on Ares I-X during ascent. Reference = 20 microPascals 


Fwd Frustum Aft Frustum 


CM SM Upper Stage \ / 



Figure 17. Areas of interest on Ares I-X 


Figure 18 shows the RMS pressure levels for some of the protuberances on Ares I-X during ascent (see Figure 9 
for illustration of protuberances). The predicted OAFPL below Mach 1.6 is the same for all protuberances because 
1) the protuberances were all assumed to have sufficient height to cause boundary layer separation, and 2) there was 
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insufficient wind tunnel data to evaluate the effect of protuberance angles in this Mach range. The OAFPL above 
Mach 1 .6 is highest for those protuberances which are at normal angles to the boundary layer. 



— PI 
— P2 

P3 

P4 

— P5 

— P6 
P7 

— P8 
P9 

— P10 


Mach 


Figure 18. OAFPL near protuberances on Ares I-X during ascent. Reference = 20 microPascals 


Figure 19 and Figure 20 show the FPL one- third-octave-band spectra for selected regions during transonic and 
MaxQ flight, respectively. It is shown that higher RMS pressure values tend to result in more low-frequency 
content. Flowever, some exceptions occur, such as the SM and Forward Frustum for transonic flight (Figure 19). 
This occurs because the Frustum is significantly aft of the SM and therefore in a boundary layer of much higher 
thickness. Thick boundary layers contain larger eddies, which results in greater low-frequency content. 



Frequency (Hz) 

CM (Comp. Pk w/ Upstream Prot). 165 dB SM (Exp. Pk). 170 dB 

Upper Stage (TBL). 145 dB Fwd Frustum (Exp. Pk). 164 dB 

Aft Frustum (Exp. Plateau). 152 dB 

Figure 19. FPL one-third-octave-band spectra for selected regions during transonic flight. RMS pressure 

levels are shown in the legend. 
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Frequency (Hz) 

CM (Comp. Pk w/ Upstream Prot). 1 69 dB SM (Exp. Pk). 1 65 dB 

Upper Stage (TBL). 145 dB Fwd Frustum (Exp. Pk). 145 dB 

Aft Frustum (Exp. Plateau). 1 54 dB 

Figure 20. FPL one-third-octave-band spectra for selected regions during MaxQ flight. RMS pressure levels 

are shown in the legend. 

Figure 21 shows the FPL one-third-octave-band spectra for selected protuberances during transonic flight. The 
effect of the boundary layer thickness on the spectrum is very clear here, as all of the protuberance have the same 
RMS pressure. The thicker boundary layers encountered near the aft end of the vehicle (P10) result in more low- 
frequency content compared to the protuberances at the forward end of the vehicle (PI). Figure 22 is a similar plot 
for MaxQ flight, and also shows the greater low-frequency content for protuberances near the aft end of the vehicle. 
However, the effect of the boundary layer thickness is more difficult to see since the slope of the protuberances 
affects the overall pressure levels. 


15 

American Institute of Aeronautics and Astronautics 

092407 



Frequency (Hz) 

Figure 21. FPL one-third-octave-band spectra for selected protuberances during transonic flight. RMS 

pressure levels are shown in the legend. 



— PI. 166.4 dB 

— P2. 167 dB 
P3. 167 dB 
P4. 167 dB 

— P5. 165.9 dB 

— P6. 167 dB 
P7. 166.6 dB 

— P8. 158.6 dB 
P9. 167 dB 

— P10. 164.8 dB 


Frequency (Hz) 

Figure 22. FPL one-third-octave-band spectra for selected protuberances during MaxQ flight. RMS 

pressure levels are shown in the legend. 


V. Effect of VA-One’s TBL Parameters on Predicted Responses 

Although the definition of the external fluctuating pressure environment is important, it is the structural response 
to these pressures that is of primary interest. The structural response to a fluctuating pressure is strongly dependent 
on the spatial correlation^, which is unfortunately difficult to define. This section studies the sensitivity of the 
structural response to parameters that govern the spatial correlation of the fluctuating pressure using the SEA 
analysis tools available in VA-One®. 


11 The spatial correlation is another term for the real part of the cross-spectral density. 
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An SEA model, illustrated in Figure 23, was created for the Roll Control System (RoCS) Shroud, shown as PI 1 
in Figure 9. The protuberance FPF environment was applied as a turbulent boundary layer-type excitation, and the 
response of the outboard panel was recovered. 



Figure 23. SEA model of RoCS Shroud. Responses were captured for the panel with red boundaries. 


Figure 24. 



FPL spectrum for RoCS during transonic flight. RMS pressure = 164 dB. Reference = 20 

microPascals 


VA-One represents the cross-spectral density as: 


R&ih&Y- 
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Where: 


= a{co)— 
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(13) 
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CO 


(14) 


K = M 


U r 


U c = oU 


By default, VA-One sets C£(&>)=1, /?(&>) =0, and <T = 0.7 . 


(15) 


VA-One allows the wavenumbers and spatial correlation decay coefficients to be defined explicitly as a function 
of frequency. However, this study will use frequency-independent values and study the following parameters: 

<T - Ratio of the convection and free-stream velocities ( Uc/U ) 
x 0 - Distance from the leading edge 

c ^ - Spatial correlation decay coefficient in the direction of the flow 

c ^ - Spatial correlation decay coefficient perpendicular to the flow 


1. Convection Velocity 

Figure 25a shows that increasing the value of U c leads to a decrease in the wave number of the fluctuating 
pressure at a given frequency (see also Equation 13). Hydrodynamic coincidence occurs at the frequency at which 
the structural and fluctuating pressure wavenumbers match, and Figure 25b shows that there is a corresponding peak 
in the response spectrum at that same frequency. 
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(a) Wavenumber of RoCS Shroud and TBL Excitation (b) PSD response of RoCS Shroud 

Figure 25. A peak in response spectrum occurs at hydrodynamic coincidence frequency 


2. Distance from the Leading Edge 

Figure 26 shows that the low-frequency response of the panel increases as the distance from the leading edge is 
increased. This occurs because the boundary layer thickness is increasing; resulting in the formation of slower 
eddies. The figure also shows that the response spectrum asymptotically approaches a final value as the distance 
from the leading edge continues to increase. 
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Frequency, Hz 

Figure 26. Increasing the distance from the leading edge results in higher low-frequency response. True 
distance from the vehicle nose is approximately 1700 inches. 


3. Spatial Correlation Decay Coefficient 

Equation 13 shows that as the value of the spatial correlation decay coefficient increases, the effect of the 
decaying exponential term increases. The excitation therefore becomes more uncorrelated as the coefficient 
increases, eventually reaching a “rain on the roof’ type of excitation once the coefficient becomes sufficiently large. 
Figure 27 shows that as the excitation becomes less correlated, the peak in the response that is a result of 
hydrodynamic coincidence begins to decrease, with a corresponding increase in non-coincident response. 



Frequency, Hz 

Figure 27. Peaks in response decrease as longitudinal spatial correlation decay coefficient increases. 
Tangential spatial correlation decay coefficient remains unchanged. 


VI. Conclusion 

A description of the aeroacoustic fluctuating pressures model used for the Ares I-X test vehicle has been given, 
along with corresponding results. This model is based upon the assumption that the flow around a vehicle can be 
divided into discrete flow zones with independent RMS pressure, autospectra, and cross-spectra. The flow types 
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that characterize the zones are attached turbulent boundary layer, compression comers, expansion comers, and 
protuberances. CFD results predict that the type of flow in certain zones may dramatically change during ascent. 

A study was performed on the effect of cross-spectral parameters on the response of the Roll Control System 
Shroud for Ares I-X. It was found that changing the ratio between the free-stream and convection velocities results 
in a change in the frequency at which hydrodynamic coincidence occurs. The hydrodynamic coincidence frequency 
is characterized by large stmctural responses. Increasing the distance from the leading edge results in an increase in 
low-frequency response as the boundary layer becomes thicker and producers larger and slower eddies. Finally, the 
excitation becomes less correlated as the spatial correlation decay coefficient increases. This causes a reduction in 
the response peak that is a result of hydrodynamic coincidence. 

The prediction of fluctuating pressures caused by aerodynamic forces remains very difficult. Currently, it is 
dependent on the scaling or fitting of empirical wind tunnel and flight data to current vehicles and trajectories. 
Additionally, the prediction of stmctural responses to these fluctuating pressures is very difficult, as the responses 
can change significantly with the spatial correlation. These uncertainties lead to a large amount of conservatism, 
which results in a significant impact on risk, schedule, and cost. Reducing these uncertainties will require the 
development of new analytical techniques which must be anchored to experimental results. 
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